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ROLE OF SODIUM PUMP 
ACTIVITY IN WARM 
INDUCTION OF 
CARDiOPLEGIA COMBINED 
WITH REPERFUSION 
OF OXYGENATED 
CARDIOPLEGIC SOLUTION 
Na+/K + adenosinetriphosphatase (sodium pump) may play a key role in 
the prevention of reperfusion injury caused by Ca 2+ overload. The present 
study was undertaken to investigate the role of sodium pump activity in 
warm induction of cardioplegia combined with reperfusion of oxygenated 
cardioplegic solution. Isolated and perfused rat hearts were subjected to 15 
minutes of normothermic schemia to produce a model of severely failing 
~ The hearts then received myocardial preservation. Warm (37 ~ C) or 
cold (4 ~ C) oxygenated modified St. Thomas' Hospital solution was given 
for 5 minutes before and  after 120 minutes of hypothermic cardioplegic 
arrest. Reduced myocardial pH during normothermic schemia was ad- 
justed toward the baseline level by administration of cold or warm 
oxygenated cardioplegic solution without a significant intergroup differ- 
ence. Myocardial adenosine triphosphate l vels decreased to less than 30% 
of the preischemic level during 15 minutes of normothermic schemia, but 
were increased partly by induction of cold or warm oxygenated cardiople- 
gia. Thus these metabolic indices failed to demonstrate he superiority of 
warm over cold oxygenated cardioplegia. Na+/K + adenosinetriphosphatase 
activity in the membrane fraction was significantly stimulated by a car- 
dioplegic dose of K + with maximum activity at 16 mEq/L. The enzyme 
activity of the heart measured after normothermic ischemia was reduced to 
less than 50% of that in the nonischemic heart. Although warm induction 
of cardioplegia nd reperfusion of oxygenated cardioplegic solution main- 
tained Na+/K + adenosinetriphosphatase activity at the preischemic level, 
the enzyme activity was abolished at 4 ~ C, which is the temperature used in 
cold cardioplegia. A subtoxic dose of ouabain (0.1 mmol/L)inhibited the 
enzyme activity of the heart undergoing this preservation regimen to 
approximately 50%. Warm induction and reperfusion of oxygenated car- 
dioplegic solution showed significantly better recovery of isovolumic left 
ventricular function during reperfusion compared with that obtained with 
cold oxygenated cardioplegia. However, the beneficial effect of warm 
oxygenated cardioplegia on left ventricular function was compromised by 
inclusion of 0.1 mmol/L ouabain without a significant effect on myocardial 
metabolic parameters. These results suggest that stimulation of Na + pump 
activity may account for the beneficial effect of warm induction and 
reperfusion of oxygenated cardioplegic solution in the energy-depleted 
heart. (J~THORAC CARDIOVASC SURG 1995;110:103-10) 
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W arm induction of cardioplegia combined with reperfusion of blood cardioplegic solution 
("hot shot") has been accepted as an effective 
measure for myocardial preservation during heart 
operations, especially in patients with poor left 
ventficular function. ~3 The rationale of the hot shot 
is that increasing oxygen uptake by normothermia 
concomitant with maintaining cardiac arrest facili- 
tates oxygen Utilization toward cellular reparative 
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processes rather than for unnecessary cardiac work. 
Although stimulation of cellular reparative pro- 
cesses appears to be an essential mechanism for 
enhanced myocardial preservation with warm blood 
cardioplegia, little information is available as to how 
warm blood cardioplegia operates on the damaged 
myocardial cells. 
It appears that the enzyme systems that poten- 
tially participate in cellular recovery from ischemia 
and reperfusion injury are dependent on tempera- 
ture and energy. In this regard, Na+/K + adenosine- 
triphosphatase (ATPase) may represent a key en- 
zyme in the" prevention of myocardial reperfusion 
injury, because intracellular Na + accumulation oc- 
curs as a result of Na + pump inhibition concomitant 
with enhanced Na + influx as a result of Na+/H + 
exchange during ischemia nd reperfusi~Sn. 4-8Intra- 
cellular Na + accumulation may then provoke mas- 
sive influx of extracellular Ca 2+ via Na+/Ca 2+ ex- 
change, which gives rise to Ca 2+ 0verload. 9 It is 
therefore anticipated that stimulation of this en- 
zyme activity by hot shot may reduce Ca2+-induced 
reperfusion injury. 
To test this hypothesis, we compared the effects of 
warm induction of cardioplegia combined with 
reperfusion of oxygenated cardioplegic solution on 
Na§ + ATPase activity and left ventricular func- 
tion with those of cold induction and reperfusion of 
oxygenated cardioplegic solution in the failing heart 
model produced by severe but reversible ischemic 
damage before myocardial preservation. A subtoxic 
dose of ouabain, a modest inhibitor of Na+/K + 
ATPase, was included in the warm oxygenated 
cardioplegic solution to substantiate an essential 
role of Na+/K + ATPase activation in the efficacy of 
warm oxygenated cardioplegia. The results of this 
study suggest hat stimulation of Na+/K + ATPase 
activity may represent a mechanism for enhanced 
myocardial preservation by warm cardioplegia. 
Methods 
Perfusion techniques. Male Sprague-Dawley rats 
weighing between 250 and 350 gm were anesthetized by 
intraperitoneal injection with sodium pentobarbital (100 
mg/kg). The chest was opened and sodium heparin (100 
U/kg) was injected through the right atrial appendage. 
The heart was then removed quickly, placed in a nonre- 
circulating Langendorff perfusion circuit, and perfused 
with Krebs-Henseleit bicarbonate buffer solution equili- 
brated with 5% CO 2 and 95% 02 with a pH of 7.4 at 37 ~ C 
and at a constant perfusion pressure of 70 mm Hg. The 
Krebs-Henseleit bicarbonate buffer comprised (in milli- 
moles per liter) NaC1 118, NaHCO 3 25, KC1 4.6, KH2PO 4 
1.2, MgSO 4 1.2, CaC12 2.5, and glucose 11. The isolated 
and perfused rat hearts were subjected to 15 minutes of 
normothermic ischemia to produce severe but reversible 
ischemic damage. The hearts then received cold or warm 
oxygenated cardioplegic solution with or without ouabain. 
The first group of rat hearts received cold (4 ~ C) 
oxygenated (5% CO2 and 95% 02) modified St. Thomas' 
Hospital solution (cold oxygenated cardioplegia; COCP) 
for 5 minutes at a perfusion pressure of 70 mm Hg before 
(induction) and after (reperfusion) 120 minutes of hypo- 
thermic ardioplegic arrest. Hypothermic cardioplegic ar- 
rest was maintained_ by topical cooling and intermittent 
infusion of the same cardioplegic solution. Modified St. 
Thomas' Hospital solution comprised (in millimoles per 
liter) NaC1 95, NaHCO 3 25, KC1 16, MgCI2 16, CaC12 1.2, 
and glucose 11 at a pH of 7.4 at 37 ~ C when equilibrated 
with a 5% C02 and 95% O2 gas mixture. 
The second group of rat hearts received warm (37 ~ C) 
oxygenated modified St. Thomas' Hospital solution (warm 
oxygenated cardioplegia; WOCP) for 5 minutes at a 
perfusion pressure of 70 mm Hg before and after 120 
minutes of hypothermic ardioplegic arrest, which was 
maintained as in the hearts with COCP. 
The third group of rat hearts received warm oxygenated 
modified St. Thomas' Hospital solution containing a sub- 
toxic dose of ouabain (0.1 mmol/L). Hypothermic ar- 
dioplegic arrest was introduced in the same manner as in 
the hearts with WOCP. These three groups of hearts 
underwent normothermic reperfusion with Krebs-Hense- 
leit bicarbonate buffer solution for 25 minutes. 
All animals received humane care in compliance with 
the "Principles of Laboratory Animal Care" formulated 
by the National Society for Medical Research and the 
"Guide for the Care and Use of Laboratory Animals" 
prepared by the Institute of Laboratory Animal Resources 
and published by the National Institutes of Health (NIH 
Publication No. 86-23, revised 1985). 
Measurement of myocardial pH. Intramyocardial pH 
was measured with an ion-sensitive field-effective transis- 
tor pH sensor (model PH-2135, Kuraray Co., Ltd., Osaka, 
Japan) connected to a pH monitor (KR5000 pH/carbon 
dioxide tension monitor, Kuraray). Although the conven- 
tional technique of measurement of myocardial pH with a 
glass electrode requires calculation of the actual tissue pH 
by fitting the corresponding myocardial temperature and 
the calibration in vitro into the Nernst equation, 1~ the 
ion-sensitive field-effective transistor pH sensor enabled 
on-line monitoring of temperature-corrected myocardial 
pH without a reference lectrode. 
Measurement ofmyocardial ATP. For analysis of myo- 
cardial ATP, the heart was freeze-clamped and lyophi- 
lized. Approximately 7 nag of the lyophilized sample was 
weighed and homogenized in 0.5N perchloric acid. The 
homogenate was centrifuged for 15 minutes at 1870 g and 
the supernatant was neutralized with 5N potassium hy- 
droxide. The precipitate was removed again by centrifu- 
gation and the supernatant was neutralized with 5N 
potassium hydroxide. The resultant precipitate was re- 
moved by centrifugation a d the supernatant was used for 
assay. Adenine nucleotide levels were measured by high- 
pressure liquid chromatography on a/~-Bondapak C-18 
column (3.9 • 300 ram, Millipore Co., Bedford, Mass.) 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 110, Number 1 
Ko et al. 105 
equilibrated with 0.1 mmol/L sodium phosphate buffer at 
pH 6.0 as described previously. 11 
Assay ofNa+/K + ATPase activity. The microsome frac- 
tion of the rat heart as the source of Na+/K + ATPase was 
prepared as follows. Freeze-clamped myocardium (ap- 
proximately 400 ms) was homogenized in ice-cold buffer 
solution containing 5 mmol/L imidazole-HC1 (pH 7.0), 0.5 
mmol/L ethylenediaminetetraacetic acid, 0.4 mmol/Lphen- 
ylmethylsulfonyl fluoride, 4 ~g/ml pepstatin, 4 ~g/ml 
leupeptin, and 40 units/ml aprotinin (Trasylol) for three 
times 10 seconds with a Polytron homogenizer (Brinkman 
Instruments, Inc., Westbury, N.Y.). The homogenate was 
centrifuged at 10,000 g for 10 minutes, and the superna- 
tant was spun at 20,000 g for 50 minutesin aHitachi RP65 
rotor (Hitachi Medical Corp., Tokyo, Japan). The pellets 
were suspended in 0.25 mol/L sucrose and stored at 
-80 ~ C until use. Protein contents were determined by the 
method of Lowry and associates 12with bovine serum 
albumin used as a standard. About 15 ~g of protein from 
the microsome fraction was preincubated in 0.1 ml of the 
standard medium containing 50 mmol/L imidazole-HC1 
(pH 7.0), 100 mmol/L NaC1, 16 mmol/L KC1, 4 mmot/L 
MgC12, 1 mmol/L ethylenediaminetetraacetic acid, and 
100/~g/ml saponin with or without 5 mmol/L ouabain at 
37 ~ C for 5 minutes. The reaction was initiated by addition 
of 2 mmol/L ATP. The incubation continued for 10 
minutes and the reaction was terminated by cooling and 
addition of 0.05 ml cold 35% trichloroacetate. The inor- 
ganic phosphate released in the incubation medium was 
immediately measured according to a modification of the 
13 + + method of Parvin and Smith. The Na /K ATPase 
activity corresponds to the difference between the 
amounts of inorganic phosphate released in the absence 
and in the presence of ouabain into the incubation 
medium. The microsome fraction obtained from the 
hearts undergoing WOCP were also served for the study 
of the effect of 0.1 mmol/L ouabain on Na+/K + ATPase 
activity, because ouabain bound with the enzyme during 
perfusion with WOCP containing ouabain may at least in 
part be lost during preparation of the membrane fraction 
so that the inhibitory effect of ouabain in vivo may not be 
determined accurately in vitro. Na+/K + ATPase activity 
was expressed as micromoles per liter of inorganic phos- 
phate per milligram of protein per hour. 
Measurement of left ventrieular function. SO that iso- 
volumic left ventricular pressure could be measured, a
collapsed latex balloon, which was slightly larger than the 
rat's left ventricular chamber, was inserted into the left 
ventricle via a left atrial incision. The balloon was large 
enough that no pressure was generated by the balloon 
itself over the range of left ventricular volumes used in the 
experiments. The balloon was filled with bubble-free 
saline solution and attached to a pressure transducer 
connected to a multichannel recorder (Mingograf, 
Siemens-Elema, Division of Elema-Sch6nander, Inc., 
Solna, Sweden). The balloon volume was set to produce a
left ventricular end-diastolic pressure (LVEDP) of ap- 
proximately 10 mm Hg at the preischemic stage and this 
was kept constant throughout the experiment. A baseline 
measurement of left ventricular pressure was done after 
15 minutes' maintenance of a hemodynamic steady state. 
At the end of the experiment a piece of the left ventricular 
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Fig. 1. Effects of warm induction combined with reper- 
fusion of oxygenated cardioplegic solution on myocardial 
pH in energy-depleted ratheart. Squares, COCP (n = 8); 
circles, WOCP (n = 10); triangles, WOCP with 0.1 mmol/L 
ouabain in the solution (n = 8). 
muscle was weighed and heated (80 ~ C) to dryness in an 
oven for 48 hours to determine the wet/dry weight ratio. 
Statistical analysis. All data are presented as mean 
plus or minus the standard error of the mean. Statistical 
comparisons were done by an analysis of variance and 
Scheffe's multiple comparison test.p Values less than 0.05 
were considered to be significant. 
Results 
Effects of WOCP on myocardial pH. Myocardial  
pH decreased by 0.7 unit during 15 minutes of 
normothermic ischemia (Fig. 1). Induction of oxy- 
genated cardioplegia for 5 minutes increased the 
myocardial pH level by about 0.45 unit, irrespective 
of whether the cardioplegic infusates were warm or 
cold and whether ouabain was included or not. 
Myocardial pH in these groups of hearts was almost 
unchanged uring 120 minutes of hypothermic ar- 
dioplegic arrest, but gradually increased toward the 
baseline level during reperfusion. 
Effects of WOCP on myocardial ATP. Fig. 2 
shows the effect of WOCP on myocardial ATP as a 
~nct ion  of normothermic ischemia, hypothermic 
cardioplegic arrest, and rcperfusion. Myocardial 
ATP  levels decreased to 29% of the preischemic 
level 15 minutes after normothermic ischemia. 
There was, however, a substantial recovery of myo- 
cardial ATP  levels during induction of any mode o f  
oxygenated cardioplegia without a significant inter- 
group difference. Myocardial ATP  levels decreased 
gradually during 120 minutes of hypothermic ar- 
dioplegic arrest and reperfusion regardless of 
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Figl 2. Effects of warm induction combined with reper- 
fusion of oxygenated cardioplegic solution on myocardial 
ATP in energy-depleted rat heart. Squares, COCP (n = 8); 
circles, WOCP (n = 8); triangles, WOCP with 0.1 mmol/L 
ouabain in the solution (n = 8). 
Table I, Effects of warm oxygenated cardioplegia 
induction and reperfusion on Na+/K + ATPase 
activity in the energy-depleted ratheart 
Na + /K + ATPase activity 
(lamol/mg protein per hour) 
Preischemia 15.3 +_ 1.2 
15 rain ischernia 7.1 + 1.6" 
5 rain cardioplegia 
COCP 10.5 -4- 0.9]" (0") 
WOCP 15.2 + 1.1 
WOCP + Ou 6.8 -4- 0.7* 
5 min reperfusion 
COCP 10.6 _+ 1.9t (0") 
WOCP 16.6 +_ 1.3 
WOCP + Ou 7.9 + 1.1" 
30 rain reperfusion 
COCP 11.2 _+ 0.8]" 
WOCP 13.5 +_ 0.7 
WOCP + Ou 11.4 • 0.8]" 
Results of at least eight experiments measured at 37 ~ C are expressed as 
mean plus or minus standard error of the mean. Na+/K + ATPase activity 
of at least hree experiments measured at 4 ~ C is shown in parentheses. Ou, 
Ouabain. 
*p < 0.01 compared with preischemic stage. 
?p < 0.05. 
whether epeffusates were cold or warm, although 
there was a tendency toward higher ATP levels 
throughout hypothermic ardioplegic arrest and 
reperfusion in the hearts with WOCP. 
Effects of WOCP on Na+/K + ATPase activity. 
We first tested the effects of K + concentrations on 
Na+/K + ATPase activity in the membrane fraction 
obtained from the nonischemic hearts (Fig. 3 ) .  
20, 
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Fig. 3, Effects of K;  concentrations onNa+/K + ATPase 
activity in membrane fraction obtained from nonischemic 
rat heart. Each symbol represents mean plus or minus 
standard error of mean of at least eight experiments. 
Na+/K + ATPase activity was increased by elevating 
K + concentrations in the assay mixture from 0 to 1( 
mmol/L. A significant difference in the enzyme 
activity was found at K + concentrations between 4.f 
and 16 mmol/L, which were used in Krebs-Henselei' 
bicarbonate buffer and our cardioplegic solution 
respectively, The enzyme activity was fairlY constan 
at K + concentrations between 16 and 30 mmol/L 
Therefore we used 16 mmol/L K + in  the assw 
mixture for the measurement of Na+/K + ATPas~ 
activity in the following experiments. 
Na+/K + ATPase activities in the membrane frac 
tions obtained from the hearts subjected to normo 
thermic ischemia, cardioplegia, and reperfusion arq 
shown in Table I. Na+/K + ATPase activity de 
creased to 46% of baseline during 15 minutes o 
normothermic schemia. However, the enzyme ac 
tivity recovered to the preischemic level in th, 
hearts receiving WOCP. Inclusion of 0.1 mmol/l 
ouabain in the incubation medium containing th 
same membrane fraction inhibited Na+/K + ATPas 
activity by 48%. Virtually no enzyme activity wa 
detected when the membrane fraction prepare 
from the hearts undergoing COCP was assayed 
4 ~ C. When the same fraction was assayed at 37 ~ ( 
the enzyme activity was shown to be partially re 
sumed. The enzyme activity of this group of hear1 
30 minutes after reperfusion remained significant] 
depressed. On the other hand, reperfusion wit 
WOCP and subsequent perfusion with Kreb: 
Henseleit bicarbonate buffer solution maintaine 
Na+/K + ATPase activity at the preischemic leve 
Incubation with 0.1 mmol/L ouabain of the saw 
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Fig. 4. Effects of warm induction combined with reper- 
fusion of oxygenated cardioplegic solution on LVDP in 
energy-depleted rat heart. Squares, COCP (n = 8); circles, 
WOCP (n = 10); triangles, WOCP with 0.1 mmol/L 
ouabain in the solution (n = 8); **p < 0.01 versus COCP; 
#p < 0.05; ##p < 0.01 versus WOCP with ouabain in the 
solution. 
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Fig. 5. Effects of warm induction combined with reper- 
fusion of oxygenated cardioplegic solution on LVEDP in 
energy-depleted rat heart. Squares, COCP (n = 8); circles, 
WOCP (n = 10); triangles, WOCP with 0.1 mmol/L 
ouabain in the solution (n = 8); *p < 0.05; **p < 0.01 
versus COCP; ~ < 0.05; ##p < 0.01 versus WOCP with 
ouabain in the solution. 
membrane fraction as that obtained from the hearts 
undergoing reperfusion with WOCP showed inhibi- 
tion of the enzyme activity to an extent comparable 
to that observed at 5 minutes after induction of 
WOCP with ouabain. Na+/K + ATPase activity in 
the membrane fraction obtained 30 minutes after 
reperfusion from the hearts that received WOCP, 
with ouabain was 11.4 + 0.8 /xmol/mg protein per 
hour, which was significantly ower than that in the 
hearts with WOCP at this moment. 
Effects of WOCP on isovolumic left ventr icular 
function. Left ventricular developed pressure 
(LVDP) was abolished within 10 minutes after 
normothermic ischemia (Figl 4). In--the hearts re- 
ceiving WOCP induction and reperfusion LVDP 
recovered to the preischemic level within 10 mihutes 
after reperfusion. However, the hearts receiving 
COCP or ouabain-containing WOCP showed signif- 
icantly poorer ecovery of LVDP than those receiv- 
ing WOCP during reperfusion. 
LVEDP rose from 10 mm Hg to approximately 25
mm Hg during 15 minutes of normothermic isch- 
emia (Fig. 5). LVEDP increased further during 5 
minutes' induction of COCP and WOCP with 
ouabain. There was a gradual increase in LVEDP 
during the subsequent 120 minutes of hypothermic 
cardioplegic arrest in all groups of hearts although 
LVEDP remained significantly lower during this 
period in the hearts with WOCP compared with that 
in the hearts in the other two groups. A remarkable 
increase in LVEDP was noted for the first 5 minutes 
of reperfusion i the heart undergoing WOCP with 
ouabain. There was a relatively smaller increase in 
LVEDP during reperfusion with WOCP. Reperfu- 
sion with COCP showed little increase in LVEDP. 
However, a significant increase in LVEDP in this 
group of hearts occurred during the subse- 
quent perfusion with normothermic Krebs-Hense- 
leit bicarbonate buffer solution. Although LVEDP 
showed a trend to decrease in all groups of hearts 
after 10 minutes of reperfusion, it returned almost 
to the preischemic level 30 minutes after eperfusion 
only in the hearts with WOCP. 
Discuss ion 
The present study demonstrated that warm induc- 
tion of cardioplegia combined with reperfusion of 
oxygenated cardioplegic solution offered a signifi- 
cant benefit over hypothermic oxygenated cardio- 
plegia for the recovery of left ventricular function 
during reperfusion i the energy-depleted rat heart. 
The beneficial effect of warm induction and reper- 
fusion of blood cardioplegic solution has been dis- 
cussed from the viewpoint of myocardial energy 
metabolism.i, 14 The consistent finding of these 
studies is that myocardial aerobic metabolism is
enhanced by warm blood cardioplegia. Similarly, 
our present study on myocardial energy metabolism 
showed rapid normalization ofmyocardial pH and a 
significant increase in ATP levels during warm in- 
108 Ko et al. 
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duction of oxygenated cardioplegia. However, no 
recovery of myocardial ATP levels was noted during 
reperfusion with warm cardioplegic solution. Myo- 
cardial pH and ATP levels in the hearts undergoing 
COCP did not significantly differ from those in the 
hearts undergoing WOCP. This finding suggests that 
oxygenated cardioplegia even under hypothermic 
conditions is effective in maintaining aerobic energy 
metabolism.aS, 16 The recovery of myocardial pH 
and the level of myocardial ATP in this group of 
hearts during hypothermic Cardioplegic arrest and 
reperfusion were comparable to those in the hearts 
with WOCP. Nevertheless, the hearts with COCP 
exhibited poorer recovery of left ventricular func- 
tion after reperfusion. Such a discrepancy between 
myocardial energy metabolism and function has 
been explained by enhanced energy utilization prob- 
1 ably for cellular reparative processes. 
The cellular event that reqmres energy in a tem- 
perature-dependent manner is the activation of var- 
ious kinases and ATPases. We envisioned that 
Na~-,/K ~- ATPase. among the enzymes involved in 
cellular homeostasis, plays a pivotal role in the 
prevention of reperfusion injury. Na~-/K ~- ATPase 
activity is an electrogenic process in which two Na ~- 
extrude out of the cell while one K + enters into the 
cell, thereby maintaining an appropriate transmem- 
brane Na T gradient. 17 Normally, Na~-/K + ATPase is 
a major energy-using process that accounts for as 
much as 40% of the basal metabolism of the body. 18 
Further stimulation of the enzyme activity may be 
necessary when Na ~- influx is increased under vari- 
ous pathologic conditions such as postischemic 
reperfusion. Myocardial reperfusion is known to 
promote massive Na ~- influx by stimulating Na~-/H - 
exchange during the recovery from intracellular 
acidosis.7, s Therefore loss of the enzyme activity 
under a hypothermic condition as demonstrated in 
vitro by our present study and those of others 19 20 
may allow Na ~- accumulation and resultant Ca 2§ 
influx via Na~-/Ca 2+ exchange. 7-9,21 Concomitant 
loss of pertinent regulation of intracellular Ca 2+ 
levels during reperfusion leads to Ca 2§ overload and 
subsequent cardiac dysfunction. 22
The present study has indeed documented signif- 
icant effects of K +, ischemic insult, and hypothermia 
on Na+/K + ATPase activity. It has been shown that 
Na+/K + ATPase activity i s optimally stimulated at a 
K + concentration Of 20 mmol/L at physiologic pH 
and ATP levels. 23 The measurement of intracellular 
Na3 activity in sheep heart Purkinje fibers has also 
revealed an inverse relation between external K + 
and internal Na + at K + concentrations ranging from 
1 to 25 mmol/L. 24 Our study confirms the previous 
work and suggests further that the enzyme activity 
may be suboptimum with perfusion with an oxygen- 
ated buffer solution containing normal K ' ,  but that 
it can be stimulated by oxygenated cardioplegic 
solution containing a standard osage of K ~-. The 
beneficial effect of potassium cardioplegic solution 
on intracellular Na + activity has been demonstrated 
by Tani and Neely 25 who showed that reperfusion 
with high K t buffer reduced Na ~- accumulation and 
Ca 2+ uptake associated with better ecovery of left 
ventricular function. On the other hand, the detri- 
mental effect of hypoxia or ischemia on Na*/K-  
ATPase activity has been documented by a number 
of investigators. 26-2s Our measurements of Na t /K -  
ATPase activity even in the optimized intracellular 
effectors, that is, neutral pH, no inorganic phos- 
phate, and a normal cytosolic level of ATP, showed 
an approximately 50% reduction of the enzyme 
activity in the membrane fraction obtained from the 
hearts subjected to 15 minutes of normothermic 
ischemia. This extent of enzyme inhibition seems 
underestimated because myocardial ischemia pro- 
duces acidic intracellular pH, accumulation of inor- 
ganic phosphate, and depletion of ATP, all of which 
are known to decrease Na ~- pump activity. 5 Al- 
though the hearts that underwent WOCP and 
COCP may have been provided optimum K* and 
ATP levels to mimic those in the assay medium in 
vitro, virtually no Na*/K ~- ATPase activity was 
noted under hypothermia. These results uggest that 
massive Na t gain may occur during ischemia and 
hypothermic cardioplegic arrest. 
The importance of the Na ~- pump in preventing 
Ca2+-induced reperfusion injury was substantiated 
by the use of ouabain. The concentration of ouabain 
(0.1 mmol/L) used in the present study was subtoxic 
and produced a positive inotropic effect without an 
increase in LVEDP in the nonischemic heart. An 
upward shift of LVEDP at constant left ventricular 
volume was considered an index of Ca 2+ overload. 29 
Inclusion of 0.1 mmol/L ouabain in the solution for 
WOCP increased LVEDP during induction of 
WOCP, hypothermic cardioplegic arrest, and more 
prominently during reperfusion. The rise of LVEDP 
during reperfusion was associated with a significant 
decrease in LVDP compared with that in the hearts 
receiving WOCP in the absence of ouabain. These 
results can be interpreted as an inhibitory effect of 
ouabain against Na+/K + ATPase activation exerted 
by WOCP. The approximately 50% reduction of 
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Na+/K § ATPase activity by 0.1 mmol/L ouabain in 
vitro supports this assumption. 
The results of this study suggest hat cold cardio- 
plegia may predispose the heart to Ca2+-induced 
reperfusion injury by increasing Na + gain as a result 
of Na + pump inactivation. Our recent study that 
used the Ca 2+ indicator fura 2 demonstrated that 
only a brief period of cold cardioplegia gave rise to 
a transient but significant increase in levels of intra- 
cellular Ca 2+ at the moment of reperfusion. 3~ Such 
a harmful effect of hypothermia on intracellular 
Na + and Ca 2§ homeostasis may point to the ap- 
praisal of warm heart operation advocated by Lich- 
tenstein and colleagues. 31However, our results ob- 
tained from the crystall0id-perfused model may not 
simply be extrapolated to heart operations in which 
blood-perfused and ]ceperfused systems are routinely 
used. The superiority of sanguineous perfusion over 
asanguineous perfusion has been demonstrated in 
isolated rat heart preparations. 32 Because blood is 
more potent in oxygen carriage and buffering capacity, 
differential responses to ischemia and reperfusion 
could be observed in animal and human hearts with 
blood cardioplegia. It is also possible that hormonal 
and humoral factors contained in the blood, such as 
thyroid and glucocorficoid hormones, modulate 
Na+/K + ATPase activity. 33' Nevertheless, it is reason- 
able to infer that high K + concentrations, aerobic 
energy metabolism, and warm temperature are the 
common denominators for Na+/K + ATPase activation 
and improved myocardial preservation i both warm 
oxygenated crystalloid and warm blood cardioplegia. 
Whether the efficacy of warm blood cardioplegia is 
related to the maintenance of intracellular Na + and 
Ca 2§ homeostasis remains to be investigated. 
REFERENCES 
1. Rosenkranz ER, Vinten-Johansen J, Buckberg GD, 
Okamoto F, Edwards H, Bugyi H. Benefits of normo- 
thermic induction Of blood cardioplegia in energy- 
depleted hearts, with maintenance of arrest by mul- 
tidose cold blood cardioplegic infusions. J THORAC 
CARDIOVASC SURG 1982;84:667-77. 
2. Rosenkranz ER, Buckberg GD, Laks H, Mulder DG. 
Warm induction of cardioplegia with glutamate-en- 
riched blood in coronary patients with cardiogenic 
shock who are dependent on inotropic drugs and 
intra-aortic balloon support. J THORAC CARDIOVASC 
SUR6 1983;86:507-18. 
3. Teoh KH, Christakis GT, Weisel RD, et al. Acceler- 
ated myocardial metabolic recovery with terminal 
warm blood cardioplegia. J THORAC CARBIOVASC 
Sue6 1986;91:888-95. 
10. 
9 16. 
4. Regan TJ, Broisman L, Haider B, Eaddy C, Oldewur- 
tel ,HA. Dissociation of myocardial sodium and potas- 
sium alterations in mild versus severe ischemia. Am 
J Physiol 1980;238:H575-80. 
5. Grinwald PM, Brosnahan C. Sodium imbalance as a 
cause of calcium overload in post-hypoxic reoxygen- 
ation injury. J Mol Cell Cardiol 1987;19:487-95. 
6. Tani M, Neely JR. Na + accumulation i creases Ca z+ 
overload and impairs function in anoxic rat heart. J
Mol Cell Cardiol 1990;22:57-72. 
7. Lazdunski M, Frelin C, Vigne P. The sodium/ 
hydrogen exchange system in cardiac cells: its bio- 
chemical and pharmacological properties and its 
role in regulating internal concentrations of sodium 
and internal pH. J Mol Cell Cardiol 1985;17:1029- 
42. 
8. Piwnica-Worms D, Jacob R, Shigeto N, Horres R, 
Lieberman M. Na/H exchange in cultured chick heart 
cells: secondary stimulation of electrogenic transport 
during recovery from intracellular acidosis. J Mol Cell 
Cardiol 1986;18:1109-16. 
9. Murphy JG, Smith TW, Marsh JD. Mechanisms of 
reoxygenation-induced alcium overload in cultured 
chick embryo heart cells. Am J Physiol 1988;254: 
Hl133-41. 
Khuri SF, Warner KG, Josa M, et al. The superi- 
ority of continuous cold blood cardioplegia in the 
metabolic protection of the hypertrophied human 
heart. J THORAC CARDIOVASC SURG 1988;95:442-54. 
11. Kamiike W, Watanabe F, Kawashima Y, et al. 
Changes in cellular levels of ATP and its catabolites in
ischemic rat liver. J Biochem 1982;91:1349-56. 
12. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 
Protein measurement with the Folin phenol reagent. 
J Biol Chem 1951;193:265-75. 
13. Parvin R, Smith RA. Determination of inorganic 
phosphate in the presence of labile organic phos- 
phates. Anal Biochem 1969;27:65-72. 
14. Rosenkranz ER, Okamoto F, Buckberg GD, Robert- 
son JM, Vinten-Johansen J, Bugyi HI. Safety of 
prolonged aortic clamping with blood cardioplegia: 
aspartate enrichment of glutamate-blood cardioplegia 
in energy-depleted hearts after ischemic and reperfu- 
sion injury. J THORAC CARDIOVASC SURG 1986;91:428- 
35. 
15. Bodenhamer RM, DeBoer LWV, Gettin GA, et al. 
Enhanced myocardial protection during ischemic ar- 
rest: oxygenation of a crystalloid cardioplegic solu- 
tion. J TNORAC CARDIOVASC SURG 1983;85:769-80. 
DeBoer LWV, Rabjohns RR, Nutt MP, Swanson DK. 
Effects of oxygenated cardioplegic solutions on myo- 
cardial aerobic metabolism. J THORAC CARDIOVASC 
Sueo 1992;104:632-6. 
17. Glitsch HG. Characteristics of active Na transport in 
intact cardiac ells. Am J Physiol 1979;236:H189-99. 
18. Ismail-Beigi F, Edelman IS. Mechanism of thyroid 
110 Ko  et al. 
The Journal of Thoracic and 
Cardiovascular Surgery 
July 1995 
calorigenesis: role of active sodium transport. Proc 
Natl Acad Sci 1970;67:1071-8. 
19. Gruener N, Avi-Dor Y. Temperature-dependence of 
activation and inhibition of rat-brain adenosine 
triphosphatase activated by sodium and potassium 
ions. Biochem J 1966;100:762-7. 
20. Martin DR, Scott DF, Downes GL, Belzer FO. Pri- 
mary cause of unsuccessful liver and heart preserva- 
tion: cold sensitivity of the ATPase system. Ann Surg 
1972; 175:111-7. 
21. Tani M, Neely JR. Role of intracellular Na + in Ca 2+ 
overload and depressed recovery of ventricular func- 
tion of reperfused ischemic rat hearts: possible in- 
volvement of H+-Na + and Na+-Ca 2+ exchange. Circ 
Res 1989;65:1045-56. 
22. Otani H. Role of calcium in the pathogenesis o f  
myocardial reperfusion i jury. In: Das DK, ed. Patho- 
physiology of reperfusion i jury. Boca Raton, Florida: 
CRC Press, 1993:181-219. 
23. Skou JC. Effects of ATP on the intermediary steps of 
the reaction of the (Na § +K+)-ATPase: effect of ATP 
on Ko.5 for Na § and on hydrolysis at different pH 
and temperature. Biochim Biophys Acta 1979;567: 
421-35. 
24. Ellis D. The effects of external cations and ouabain on 
the intracellular sodium activity of sheep heart Pur- 
kinje fibres. J Physiol 1977;273:211-40. 
25. Tani M, Neely JR. Mechanisms of reduced reperfu- 
sion injury by low Ca 2+ and/or high K ~-. Am J Physiol 
t990;258:H1025-31. 
26. Schwartz A, Wood JM, Allen JC, et al. Biochemical 
29. 
and morphologic~correlates of cardiac ischemia: 
1--membrane systems. Am J Cardiol 1973;32:46- 
61. 
27. Bersohn MM, Philipson KD, Fukushima JY. Sodi- 
um-calcium exchange and sarcolemmal enzymes in 
ischemic rabbit hearts. Am J Physiol 1982;242: 
C288-95. 
28. Daly M J, Elz JS, Nayler WG. Sarcolemmal enzymes 
and Na+-Ca 2+ exchange in hypoxic, ischemic, and 
reperfused rat hearts. Am J Physiol 1984;247:H237- 
43. 
Lorell BH, Isoyama S, Grice WN, Weinberg EO, 
Apstein CS. Effects of ouabain and isoproterenol n 
left ventricular diastolic function during low-flow isch- 
emia in" isolated, blood-perfused rabbit hearts. Circ 
Res 1988;63:457-67. 
30. Kato Y, Otani H, Tanaka K, Saito Y, Fukunaka M, 
Imamura H. Effect of cardioplegic preservation on 
intraeellular calcium transients. Ann Thorac Surg 
1991;52:979-86. 
31. Lichtenstein SV, Ashe KA, Dalati HE, Cusimano RJ, 
Panos A, Slutsky AS. Warm heart surgery. J THORAC 
CARDIOVASC SURG 1991;101:269-74. 
32. Waiters HL, Digerness SB, Naftel DC, Waggoner JR, 
Blackstone EH, Kirklin JW. The response to ischemia in 
blood perfused vs. crystalloid perfused isolated rat heart 
preparations. J Mol Cell Cardiol 1992;24:1063-77. 
33. Orlowski J, Lingrel JB. Thyroid and glucocorticoid 
hormones regulate the expression of multiple Na,K- 
ATPase genes in cultured neonatal rat cardiac myo- 
cytes. J Biol Chem 1990;265:3462-70. 
1-800-55-MOSBY 
This number links you to the full text of articles published in over 25,000 journals, including all Mosby journals. MOSBYDocument 
Express | a rapid response information retrieval service, provides quick turnaround, 24-hour availability, and speedy delivery 
methods. For inquiries and pricing information, call our toll-free, 24-hour order line: 1-800-55-MOSBY; outside the United States: 
4157259-5046; fax: 415-259-5019; E-mail: mosbyexp@class.org. 
MOSBY Document Express | is offered in cooperation with Dynamic Information Corp. 
